Objectives: APOE is related to cholesterol transport and clearance and brain white matter (WM) properties involving myelin, of which cholesterol is a major component. Diffusion tensor imaging enables in vivo investigations of brain WM, and could increase our understanding of the pathways leading to Alzheimer disease. The main objective was to investigate the association between APOE and diffusion tensor imaging-derived indices of WM microstructure.
Along with increased age, presence of the ⑀4 allele of APOE is the most important risk factor for Alzheimer disease (AD). 1 The main function of ApoE in the brain is related to cholesterol transport and clearance. 2 Cholesterol is a major component of the myelin sheaths covering the axons, allowing for efficient neurotransmission and information processing. 3 Accumulating evidence has indicated a role for APOE in cognitive and brain aging, 4, 5 possibly through its mediating effects on age-related myelin breakdown. 6 Diffusion tensor imaging (DTI) is sensitive to the direction and degree of water displacement in biological tissues. 7 Diffusion in brain parenchyma is restricted by cytoskeletal axonal elements including plasma membranes, microtubules, and myelin sheaths. 7 Because water displacement occurs faster along than across the axons, DTI enables visualization and quantification of the local organization of white matter (WM) pathways.
Despite great interest in the role of APOE in neurodegeneration and aging, and the hypothesized link between APOE and myelin processes, existing evidence has drawn an inconclusive picture of the association between APOE and WM microstructure. The aim of this study was therefore to add to the existing literature 8 -13 by delineating the impact of APOE on DTI indices of WM microstructure in a large sample of healthy adults. Based on the relationship between APOE and lipid transport, along with an association between specific DTI indices and properties of the myelin architecture, 14 we hypothesized that allelic differences in APOE would modulate diffusivity perpendicular to the primary direction of the axonal population. Given their increased risk of developing AD, we expected increased radial diffusion (RD) in ⑀4 allele carriers compared with ⑀2/⑀3 and ⑀3/⑀3 carriers, but noted recent evidence from functional imaging studies suggesting that APOE allelic effects on imaging phenotypes may not simply reflect the risk of AD. 15, 16 METHODS Sample. A total of 264 datasets with available DTI data were selected from the Norwegian Cognitive Neuro-Genetics sample. To minimize the influence of incipient neurodegenerative disease, and because WM microstructure shows accelerating age differences in senescence, 17 we excluded 43 subjects aged Ͼ70 years. Because the ⑀4/⑀4, ⑀2/⑀2, and ⑀2/⑀4 groups counted 10, 1, and 4 subjects, respectively, precluding meaningful inference on group statistics, we excluded these genotypes. The final sample comprised 203 datasets including 30 ⑀2/⑀3, 113 ⑀3/⑀3, and 60 ⑀3/⑀4 carriers aged 21.1 to 69.9 years (mean ϭ 47.6, SD ϭ 14.9).
Standard protocol approvals, registrations, and patient consents. The study was approved by the Regional Ethics Committee of Southern Norway (REK-Sør). Written informed consent was obtained from all participants.
Screening and cognitive testing. Participants were screened using a standardized health interview. Neurologic or psychiatric conditions including stroke, traumatic brain injury, untreated hypertension, diabetes, and use of psychoactive drugs were exclusion criteria. Magnetic resonance scans were examined by a neuroradiologist, and deemed free of significant anomalies. Participants aged Ͼ40 years scored Ն27 on the Mini-Mental State Examination, 18 and were assessed for familial risk for dementia (parents/siblings with dementia). Vocabulary and Matrix Reasoning subscales of Wechsler Abbreviated Scale of Intelligence were used to assess general cognitive abilities. 19 We tested psychomotor speed, attention, and executive functions (Digit Symbol, Color Word Interference Test 20 ), and learning and memory (California Verbal Learning Test II). Table 1 shows demographic and neuropsychological characteristics. There were no significant age, sex, or neuropsychological differences between groups.
DNA extraction and genotyping. DNA was extracted from whole blood using the MagNA Pure LC DNA Isolation Kit-Large Volume. Genotyping was performed using real-time PCR with allele-specific fluorescence energy transfer probes and melting curve analyses on a LightCycler 480 (Roche, Mannheim, Germany) with specified primers and probes 21 : the sense primer (GAAGGCCTACAAATCGGAACTG) was truncated 2 nucleotides in the 5Ј end, whereas the antisense primer (GGCTGC-CCATCTCCTCCATC) was truncated 2 nucleotides in both ends. The detection probe (LC-red705-ACATGGAGGACGT GCGCG-p) for the ⑀4 allele was shortened 1 nucleotide in the 3Ј end, and LC-red705 was used as fluorophore instead of LC-red640 to allow for one tube duplex PCR. The corresponding anchor probe (AGGCGGCGCAGGCCCGGCTGGGCGCfluorescein) was truncated 4 nucleotides 5Ј. The probe pair for ⑀2 was as originally published. The 20-L duplex PCR reaction mix consisted of 1x LightCycler 480 Probes Master, 0.1 M of sense and 0.5 M of antisense primers, 0.07 M of each probe, 10% dimethyl sulfoxide, and 5 L of diluted DNA eluate (10 -100 ng). The PCR touchdown protocol consisted of denaturation of DNA and activation of the polymerase (95°C, 5 minutes); 40 cycles of denaturation (95°C, 10 seconds), annealing (63°C stepping down 0.4°C/cycle to 59°C, 10 seconds), elongation (72°C, 10 seconds); denaturation and polymerase inactivation (99°C, 5 minutes); and melting curve analysis (38°C [1 minute] to 77°C [ramp rate 1°C/s]). The ⑀4 allele (rs429358) was identified by melting temperature 63°C vs 55°C for wild type. The ⑀2 allele (rs7412) was identified by melting temperature 55°C (63°C for wild type).
Image acquisition and analysis. Imaging was performed using a 12-channel head coil on a 1.5-T Siemens Avanto (Siemens, Erlangen, Germany) at Oslo University Hospital. For diffusion-weighted imaging, a single-shot twice-refocused spinecho echoplanar imaging sequence was used: repetition time/ echo time ϭ 8,590 ms/87 ms, b value ϭ 1,000 s/mm 2 , voxel size ϭ 2.0 ϫ 2.0 ϫ 2.0 mm, and 64 axial slices. The sequence was repeated twice with 10 b ϭ 0 and 60 diffusion-weighted volumes collected along 60 noncollinear directions per run.
DTI datasets were processed using Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library. 22 Each volume was affine registered to the first b ϭ 0 volume using FMRIB's Linear Image Registration Tool 23 to correct for motion and eddy currents. After removal of nonbrain tissue, fractional anisotropy (FA), 24 eigenvector, and eigenvalue maps were computed by linearly fitting a diffusion tensor to the data. We defined RD as the mean of the second and third eigenvalue [( 2 ϩ 3 )/2] and mean diffusion (MD) as the mean of all 3 eigenvalues. FA volumes were skeletonized and transformed into common space using tract-based spatial statistics (TBSS). 25 All volumes were nonlinearly warped to the FMRIB58_FA template using local deformation procedures performed by FMRIB's Nonlinear Image Registration Tool. Next, a mean FA volume of all subjects was generated and thinned to create a mean FA skeleton representing the centers of common tracts. We thresholded and binarized the mean skeleton at FA Ͼ0.2. Similar warping and analyses were used for axial diffusion (AxD), RD, and MD data.
Statistical analysis.
Because of sample size and power, our main aim was to compare ⑀3/⑀3 with ⑀3/⑀4 carriers. We performed additional explorative comparisons between carriers of the ⑀2/⑀3 alleles and the other 2 groups, but we emphasize that interpretations from this explorative analysis should be made with caution because of the few ⑀2/⑀3 carriers available. Voxelwise analyses were performed using nonparametric permutation testing. We tested for main effects of genotype by means of general linear models (GLMs) while covarying for sex and age. Because DTI metrics show nonlinear age effects in the sampled age span, 17 we included a quadratic age term. Threshold Free Cluster Enhancement 26 was used for statistical inference, with 5,000 permutations performed for each contrast. Statistical maps were thresholded at p Ͻ 0.05, corrected. We tested for APOE by age interactions and extracted DTI values across various atlas-based regions of interest (ROIs) 27 . Note that whereas the proportion of ⑀4 carriers in the middle-aged groups was approximately 30%, almost 50% of the individuals in the oldest cohort were ⑀4 carriers. Although speculative, this may indicate some form of sampling bias operating during recruitment. DTI values averaged across significant voxels and the ROIs were plotted and fitted with age within each group using a smoothing spline approach, 28 and used in univariate GLMs to estimate frequently reported effect sizes. 29 Because of sample size, cohort analysis and fitting were performed only for the ⑀3/⑀3 and ⑀3/⑀4 groups. We performed analysis of covariance to control for cognitive performance and familial dementia. Figure 1A (top rows) depicts voxels showing a significant main effect of genotype on RD.
RESULTS
Widespread increases in RD were found in ⑀3/⑀4 carriers compared with ⑀3/⑀3, encompassing the brainstem, basal temporal lobe, internal capsule, anterior parts of the corpus callosum, forceps minor, superior longitudinal fasciculus, and occipital and corticospinal motor pathways; 15,124 voxels (12.5%) showed significantly increased RD in the ⑀3/⑀4 groups. The post hoc GLM with mean RD in the significant voxels as independent variable, sex and APOE status as fixed factor, and age and age 2 as covariates revealed a significant unique effect of age (t ϭ Ϫ3.53, p Ͻ 10 Ϫ3 ), age 2 (t ϭ 4.21, p Ͻ 10 Ϫ4 ), and APOE (t ϭ Ϫ4.80, p Ͻ 10 Ϫ5 ), but not sex (t ϭ Ϫ0.52, p ϭ 0.60). Based on mean RD for each group and the pooled SD, Cohen's d for APOE was 0.79. No voxels showed significant age by APOE interaction on RD. Controlling for cognitive performance and familial dementia had no impact on the effect of APOE on RD. Figure 1 (bottom rows) shows the results from the MD analysis. Significantly ( p Ͻ 0.05, corrected) increased MD in ⑀3/⑀4 carriers compared with ⑀3/⑀3 carriers was found in 22,292 (18.5%) of the voxels. The spatial pattern was similar to RD but with a more frontal and rightward distribution of effects. GLM with significant MD voxels as independent variable, sex and APOE as fixed factors, and age and age 2 as covariates revealed effects of age (t ϭ Ϫ4.86, p Ͻ 10 Ϫ5 ), age 2 (t ϭ 5.17, p Ͻ 10 Ϫ6 ), and APOE (t ϭ Ϫ4.62, p Ͻ 10 Ϫ5 ), but not sex (t ϭ 0.28, p ϭ 0.78). Cohen's d for APOE was 0.77. No voxels showed significant age by APOE interaction on MD. No differences between ⑀3/⑀3 and ⑀3/⑀4 were found for FA or AxD. We tested for differences in hemispheric asymmetry on FA, MD, and RD between groups using voxelwise difference maps between the hemispheres on a symmetrized TBSS skeleton. We found no differences in asymmetry between groups. Table 2 lists RD and MD averaged across voxels in different ROIs per APOE group and age cohort, and t values from independent-samples t tests comparing groups. ⑀3/⑀4 carriers showed increased RD and MD in all ROIs in all cohorts. Figure 2 illustrates RD (top) and MD (bottom) averaged across significant voxels from the voxel-wise analysis and the ROIs plotted as a function of age and group. The spline fit with age is shown for each group, where the black and red lines denote the optimal fit for ⑀3/⑀3 carriers and ⑀3/⑀4 carriers, respectively. All curves are highly parallel, supporting the lack of age by APOE interaction. Figure 3 shows results from explorative analysis comparing carriers of the APOE ⑀2/⑀3 and ⑀3/⑀3 alleles. We observed significantly increased RD and MD in the ⑀2/⑀3 group in largely overlapping regions including the brainstem, inferior parts of the middle temporal gyrus, bilaterally, and in portions of the right superior longitudinal fasciculus. Furthermore, the results revealed increased FA in the ⑀3/⑀3 group in parts of the brainstem and the right internal capsule. No group differences were found between the ⑀2/⑀3 and ⑀3/⑀4 groups. DISCUSSION We have demonstrated altered WM microstructure in APOE ⑀3/⑀4 carriers compared with ⑀3/⑀3 carriers, specifically manifested as increased RD and MD in regions including the basal temporal lobe, internal capsule, anterior parts of the corpus callosum, forceps minor, superior longitudinal fasciculus, and occipital and corticospinal pathways. In addition to lack of age by APOE interactions, using a smoothing spline approach, we have demonstrated highly parallel age curves in the 2 groups, supporting the notion that the effects of APOE on WM microstructure are relatively uniform across the adult lifespan. The specificity of the effects combined with the ageinvariant spatial pattern indicate that the effects are driven by events occurring early in life, influencing degree of diffusion perpendicular to, rather than along, the major fiber pathways. Explorative analyses revealed increased RD and MD, as well as decreased FA in ⑀2/⑀3 carriers com-pared with the ⑀3/⑀3 group, but no significant differences between ⑀2/⑀3 and the ⑀3/⑀4 groups. Our findings are in general agreement with recent evidence using functional imaging documenting similar differences in functional connectivity in ⑀4 and ⑀2 carriers relative to ⑀3 homozygotes, 15, 16 indicating that allelic effects of APOE on imaging phenotypes in healthy adults do not simply reflect the associated risk of AD. Note that the frontal lobe effects identified in a comparison of the ⑀3/⑀3 and ⑀3/⑀4 groups were not found in a comparison of the ⑀2/⑀3 and ⑀3/⑀4 groups. This may indicate regionally specific allelic differences. However, given the few carriers of the ⑀2/⑀3 genotype along with the wide age range, interpretations regarding the biological significance of the present findings should be made with caution. Whereas the present study supports the notion that APOE influences properties of the WM microstructure in healthy adults, large-scale studies targeting the specific role of the different APOE allele combinations are needed.
ApoE has been implicated in mechanisms for longterm potentiation, synaptic development, dendrite formation, and axonal guidance, 2 and interacts with several Abbreviations: MD ϭ mean diffusion; RD ϭ radial diffusion; ROI ϭ region of interest. a RD and MD values have been scaled by a factor of 10 6 . The statistics (t values) are results from independent-samples t tests comparing the 2 groups.
Carriers of the APOE ⑀3/⑀3 alleles show increased RD or MD compared with the APOE ⑀3/⑀4 group across the adult lifespan and across the brain. b Values averaged across significant voxels were identified using voxel-wise analysis. The neuroanatomic ROIs were defined using probabilistic neuroanatomic atlases 27 distributed with Oxford Centre for Functional MRI of the Brain Software Library. Values averaged across significant skeleton voxels overlapping the relevant neuroanatomical label were used in the analysis. The relatively increased values in the measures averaged across all voxels as compared with the ROIs are likely attributable to the fact that the ROIs exclusively contain voxels from deep and densely packed white matter pathways, where the diffusion eigenvalues are lower compared with areas closer to the cortical mantle, which are included in the total average. c p Ͻ 0.01. d p Ͻ 0.05.
age-related pathogens, including ␤-amyloid accumulation and clearance, which is believed to be one of the pathophysiologic factors driving the development of AD. 30, 31 Previous important studies linking APOE and DTI have suggested decreased diffusion anisotropy in carriers of the ⑀4 allele. 8 -10,12 However, earlier studies comprised relatively small samples, 8 -10,12 revealed inconclusive patterns across young and elderly subcohorts, 8 investigated a limited set of regions, 9, 10 or reported subthreshold effects. 12 Furthermore, the previous study with the largest sample size reported no effects of APOE. 11 A key finding in the present study is the regionally widespread increase in RD in carriers of the ⑀3/⑀4 alleles compared with ⑀3/⑀3 carriers. This has only been reported in smaller groups of young and elderly subjects. 8 We found no differences between these groups on FA or AxD, which is in line with the largest previous study. 11 However, decreased FA in ⑀4 carriers has been reported. Using an ROI approach, decreased FA in the posterior parts of the corpus callosum was found in ⑀4 carriers without dementia aged 49 to 79 years. 9 Full brain analysis revealed ad-ditional effects in the body of the corpus callosum and the left hippocampus, and the authors concluded that ⑀4-related AD risk is associated with microscopic WM changes years before onset of dementia. 9 Similarly, decreased FA and increased RD were found in 14 middle-aged and elderly ⑀4 carriers compared with 15 noncarriers in the parahippocampal WM. 10 Furthermore, TBSS revealed decreased FA in the left parahippocampal WM in a small group of ⑀4 carriers without dementia, but the effects did not survive statistical corrections, and should be interpreted with caution, as emphasized by the authors. 12 Null findings have also been reported. No effects of APOE on DTI were found in a middle-aged sample (n ϭ 136), including 56 carriers of the ⑀4 allele, but a main effect of familial dementia was revealed. 11 Specifically, parental history of AD was associated with lower FA, and an additive effect of family history and APOE ⑀4 was found. 11 We found no effects by including family history of dementia in the analysis on the association between RD/MD and APOE, indicating that the genotype effects cannot be explained by a simple mediating effect of family history of AD.
Figure 2
Radial diffusion (RD) and mean diffusion (MD) plotted against age and APOE group Individual radial (top) and mean (bottom) diffusivity values averaged across significant voxels from the nonparametric cross-subjects statistics and select regions of interest as defined using a probabilistic neuroanatomic atlas plotted as a function of age. Black and red dots denote carriers of the APOE ⑀3/⑀3 alleles and carriers of the APOE ⑀3/⑀4 alleles, respectively. The red and black lines are the fit lines for noncarriers and carriers, respectively. The fit lines are the result of the smoothing spline analysis. The fitting was done independently for each group. General linear models including sex as fixed factor, genotype as random factor, and age and age 2 as covariates revealed significant quadratic effects of age on both MD and RD across all significant voxels, in the forceps minor, the internal capsule, and the peduncles (all p values Ͻ0.01, except p Ͻ 0.05 for MD in the peduncles).
Figure 3
Results from exploratory tract-based spatial statistics superimposed on a Montreal Neurological Institute (MNI) common brain template
Red denotes voxels showing significantly (p Ͻ 0.05, corrected) increased radial diffusion (RD) (top rows) and mean diffusion (MD) (middle rows), and decreased fractional anisotropy (FA) (bottom rows) in carriers of the APOE ⑀2/⑀3 alleles compared with ⑀3/⑀3 carriers. The numbers refer to the corresponding MNI z coordinate for each axial slice. A ϭ anterior; L ϭ left side of the brain; P ϭ posterior; R ϭ right side of the brain.
The findings of increased RD in ⑀3/⑀4 compared with ⑀3/⑀3 carriers across adulthood provide evidence of specific differences in diffusivity perpendicular to the principal axis of the diffusion tensor. Although interpretations should be made with care, 32, 33 this pattern suggests alterations in axonal caliber or density as well as in the architecture of the axonal membranes and myelin sheaths covering the axons. 14, 34 This is in line with the role of ApoE in transport of cholesterol, which is an indispensable component of myelin. Cholesterol availability in oligodendrocytes is a rate-limiting factor for brain maturation, 35 suggesting that APOE is a modulating factor during neurodevelopment. Our findings and recent evidence of regional alterations in gray matter morphology in young adult ⑀4 carriers 36 support this hypothesis, and indicate that the effects of APOE are not simply related to accelerating aging processes.
This distributed nature of the effects suggests that the impact of APOE on WM microstructure may operate on a general level. Previous studies linking APOE to DTI included a limited set of ROIs, 9, 10 precluding interpretations of regional specificity. However, our findings of regionally nonspecific effects are in agreement with one previous study using a similar approach, 8 and are consistent with the widespread pattern of APOE expression in the brain (www. biogps.org; www.brainspan.org).
The density and structure of myelin undergo dynamic alterations throughout life. 37, 38 Using a smoothing spline approach, we found highly parallel age curves for RD and MD for the ⑀3/⑀4 and ⑀3/⑀3 groups. The small sample size and the wide age range precluded similar delineations of the age trajectories for the ⑀2/⑀3 group. However, along with the lack of APOE by age interactions, the highly parallel trajectories support that the effects of APOE are relatively uniform across adulthood. We found no evidence of steeper age curves in the ⑀3/⑀4 compared with the ⑀3/⑀3 group, which has been proposed as a possible mechanism of the increased risk of AD. 39 One previous study including groups of younger and older subjects observed a complex pattern of effects in the 2 groups. 8 No significant age by APOE interaction on FA or MD was found, and the authors concluded that the effects of APOE remain stable throughout adulthood. 8 Our observations of relatively uniform effects across the adult lifespan, along with the finding that familial dementia did not explain the genotype effects on RD and MD, suggest that APOE influences brain WM microstructure during developmental phases, and is not specifically related to accelerated rate of aging or development of AD.
Conclusively, we have documented a distributed pattern of increased RD and MD in healthy carriers of the APOE ⑀3/⑀4 alleles compared with ⑀3/⑀3 carriers. Intriguingly, explorative analysis suggested that the effects of APOE did not simply reflect the associated allelic risk of developing AD, but large-scale studies are needed to replicate this finding. The relative specificity of the DTI effects indicated alterations in the hindrance of diffusion perpendicular to, rather than along, the axons. Given the proposed role of APOE in cholesterol transport, and the high cholesterol density in myelin, candidate mechanisms include the architecture of axonal myelin sheaths, and axonal caliber and density. Effects were relatively stable across the adult lifespan, indicating that our findings cannot be explained by a mechanism by which APOE simply modulates the rate of brain aging. Increased risk of AD in ⑀4 carriers may be attributable to interactions with other pathophysiologic processes. 40 
